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A Plethora of Taste Receptors Minireview
80% sequence identity to a-transducin, which is ex-Sue C. Kinnamon*
Department of Anatomy and Neurobiology pressed in photoreceptors and sparingly in taste cells.
Knockout of the gustducin gene resulted in mice thatColorado State University
Fort Collins, Colorado 80523 have normal taste responses to salty and sour stimuli
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University of Colorado Health Sciences Center tasting compounds (Wong et al., 1996), implying a role
for gustducin in the transduction of both bitter and sweetDenver, Colorado 80262
stimuli. Last year, two putative taste receptor genes
(TR1 and TR2, now referred to as T1R1 and T1R2) were
reported (Hoon et al., 1999). These putative receptorsThe sense of taste evolved to afford organisms the abil-
are expressed specifically on the apical membrane ofity to detect nutritionally important compounds, includ-
subsets of taste receptor cells but to date have not beening sugars, salts, and amino acids, as well as potentially
functionally characterized. Now, within the span of aharmful substances, such as alkaloids and acids. In con-
few weeks, two independent groups have identifiedtrast to the olfactory system, which must detect and
genes that code for functional taste receptor proteins.discriminate thousands of individual compounds, the
Chaudhari and colleagues (Chaudhari et al., 2000) havetaste system discriminates only a few basic taste quali-
cloned a novel variant of the metabotropic glutamateties: sweet, salty, sour, bitter, and umami, that unique
receptor mGluR4 that functions as an umami taste re-quality elicited specifically by glutamate and 59-ribonu-
ceptor; Zuker, Ryba, and colleagues (Adler et al., 2000;cleotides. Individual taste stimuli, even within one qual-
Chandrashekar et al., 2000) have identified a novel familyity, often differ greatly in molecular size, lipophilicity,
of GPCRs that function as gustducin-linked bitter tasteand pH. Thus, the taste system must utilize a diversity
receptors.of mechanisms for transduction to accommodate the
Chaudhari and colleagues reasoned that glutamatestructural diversity of the chemicals to be detected. Ionic
might be detected by taste receptors that resemble thestimuli, such as salts and acids, can depolarize taste
well-characterized synaptic glutamate receptors of thecells by direct interaction with particular ion channels,
brain. Using RT±PCR to amplify conserved regions ofwhile complex stimuli, such as amino acids, sugars, and
known glutamate receptors, they identified only one re-most bitter-tasting compounds, are believed to activate
ceptor, mGluR4, which in situ hybridization showed isspecific G protein±coupled receptors (GPCRs) (Herness
specifically expressed in taste buds (Chaudhari et al.,and Gilbertson, 1999), although their molecular identity
1996). Evidence that mGluR4 may participate in umamihas remained elusive until recently.
taste transduction came from behavioral studies withThe receptor cells for taste are modified epithelial
rats. In a conditioned taste aversion paradigm, rats con-cells that are clustered into sensory end organs called
ditioned to avoid monosodium glutamate also avoidedtaste buds. Tight junctions between taste cells in the
L-AP4, a glutamate agonist that activates mGluR4 butapical region of the taste bud restrict most taste stimuli
not other classes of glutamate receptors. However, oneto the apical membrane. Taste buds in the anterior two-
serious problem remainedÐsensitivity. mGluR4 in brainthirds of the tongue reside in fungiform papillae, each
responds to micromolar concentrations of glutamate,containing one or at most a few taste buds. The posterior
while taste cells detect glutamate only near millimolarregion of the tongue contains the circumvallate papilla
concentrations. This problem was solved recently whenand the foliate papillae, each of which contains hun-
Chaudhari and colleagues found that taste cells expressdreds of taste buds. Although it was once believed that
not only the brain mGluR4 receptor but a taste-specificthe tongue was regionally specialized for the detection
truncated form of the mGluR4 receptor, in which theof particular taste qualities, it is now recognized that
first 300 amino acids of the protein are missing (Figureall qualities are detected in all regions of the tongue,
1A). Since glutamate binding occurs in the large extra-although transduction mechanisms may vary in different
cellular N-terminal region, such a truncation would beregions and in different species. For example, although
expected to affect sensitivity to glutamate. When ex-NaCl is detected approximately equally in all regions of
pressed in heterologous cells, both receptors respondthe tongue, functional epithelial Na1 channels (ENaCs)
to glutamate with decreases in intracellular cAMP, asare expressed only in taste buds on the anterior tongue
and on the palate in most rodents (Herness and Gil- expected, but the taste form requires 100-fold higher
bertson, 1999). concentrations of glutamate. Thus, the truncated mGluR4
Within the last decade, efforts have focused on identi- exhibits the expected dose dependency for transducing
fication of the molecular components of taste transduc- umami taste. As the truncated taste receptor is missing
tion. The first component to be identified was the taste- the high-affinity binding sites for glutamate that have
specific G protein, a-gustducin (McLaughlin et al., 1992), been identified in crystal structures of glutamate binding
which is expressed in about 30% of the taste cells in domains, determining the structure of taste mGluR4 may
foliate and circumvallate papillae but only about 10% provide new insights into the identification of additional
of the cells in fungiform papillae. a-Gustducin shares low-affinity glutamate binding sites in mGluR N-terminal
regions.
Which G protein couples to mGluR4? Experiments in* E-mail: sckinna@lamar.colostate.edu.
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Figure 1. Predicted Membrane Topology of
G Protein±Linked Taste Receptors
Presumed ligand binding domains are indi-
cated in red. For taste mGluR4 (A) and T1R
(B) receptors, the ligand binding is presumed
to be in the large extracellular N-terminal do-
main, based on analogy with synaptic
mGluRs. For T2Rs (C), ligand binding is pre-
sumed to occur in the extracellular loops and
outer portions of transmembrane segments
4±7, which are the most divergent regions
among members of this receptor gene family.
The presumptive binding regions for T2R re-
ceptors differ somewhat from odorant recep-
tors and other short N-terminal receptors,
where binding is expected to occur primarily
within the transmembrane segments.
taste cells suggest that glutamate decreases intracellu- be overlooked. T1R receptors are differentially ex-
pressed in the tongue, with T1R1 expressed predomi-lar cAMP levels by activation of phosphodiesterase
(PDE). Candidate G proteins that activate PDE in taste nantly in taste buds of fungiform papillae and palate and
T1R2 expressed almost exclusively in circumvallate andcells include both a-gustducin and a-transducin. Gust-
ducin knockout mice have not been tested for sensitivity foliate taste buds. The expression of T1R receptors does
not overlap with the expression of a-gustducin, sug-to umami compounds.
Since both taste and brain forms of mGluR4 are ex- gesting that the T1R receptors activate a different G
protein.pressed in taste cells, an important issue to address
is whether taste mGluR4 is expressed on the apical In the March 17 issue of Cell, Zuker, Ryba, and col-
leagues report the cloning of a large family of gustducin-membrane of the taste cells, where it can bind glutamate
in the oral cavity. It is possible that brain mGluR4 could linked GPCRs, termed T2Rs (Adler et al., 2000), some
of which function as bitter receptors. Database searchesserve as an inhibitory autoreceptor regulating neuro-
transmitter release, as occurs at many synapses in the for novel GPCRs in the human genome at a locus re-
cently linked to the bitter taste perception of propylthio-brain. In this regard, it is of interest that glutamate and
L-AP4 elicit both depolarizing and hyperpolarizing re- uracil (PROP) (Reed et al., 1999) yielded the first candi-
date receptor, termed T2R1. Further computer searchessponses in taste cells (Bigiani et al., 1997; Lin and Kinna-
mon, 1999). The depolarizing response to L-AP4 occurs of the human genome using T2R1 yielded 19 additional
receptors, organized in discrete clusters on three differ-in only a small subset of taste cells, and it requires
higher concentrations of L-AP4. Thus, it is tempting to ent chromosomes. Homology screening identified 28
mouse T2R genes, most of which were clustered at thespeculate that taste mGluR4 mediates the depolarizing
response and brain mGluR4 mediates the hyperpolariz- distal end of chromosome 6, where loci determining
bitter taste sensitivity had been mapped. Based on theing response, but this awaits verification.
An important test of the role of taste mGluR4 in umami amount of human genome that has been sequenced,
Adler et al. (2000) estimate that T2Rs comprise a genetaste would be to evaluate the taste phenotype of
mGluR4 knockout mice. Although such mice are avail- family of about 100 receptors, about a third of which
are pseudogenes.able, the potential loss of brain mGluR4 at central syn-
apses confounds the interpretation of the phenotype. The genomic organization of T2Rs is reminiscent of
odorant receptors, which are clustered in tight arrays onIndeed, an altered preference for monosodium gluta-
mate was noted in mGluR4 knockout mice (Roper et al., several chromosomes (Mombaerts, 1999). In addition,
T2Rs bear structural homology to olfactory receptors,1997, Soc. Neurosci., abstract), but the significance of
these findings awaits the analyses of taste mGluR4± as well as to the V1R vomeronasal receptors and opsins,
which, unlike the T1Rs and taste mGluR4, have veryspecific knockouts.
Is taste mGluR4 the only umami taste receptor? Sev- short N-terminal regions (Mombaerts, 1999) (Figure 1C).
T2Rs show 30%±70% sequence identity to each other,eral compounds in addition to glutamate elicit an umami
taste, including 59-ribonucleotides and disodium gua- with most of the divergence in the extracellular loops,
where ligand binding is expected to occur. In this regard,nylate. Whether these compounds bind to taste mGluR4
or a different receptor remains to be determined. Sur- it is of interest that bitter compounds are structurally
diverse, and thus a variety of different bitter receptorsprisingly, taste mGluR4 shows structural similarity and
approximately 27% sequence identity with the putative may be required for their detection.
In situ hybridization experiments showed that T2Rstaste receptor proteins T1R1 and T1R2, cloned last year
by the Zuker and Ryba groups (Hoon et al., 1999). These are expressed selectively in small subsets of taste re-
ceptor cells in all taste papillae. Of considerable interest,two GPCRs, which share 40% sequence identity with
each other, are structurally similar to the V2R class of T2Rs are expressed exclusively in the set of taste cells
that also expresses a-gustducin, suggesting that T2Rsvomeronasal receptors as well as the metabotropic glu-
tamate receptors (Figure 1B). The possibility that the couple to gustducin. Approximately 70% of the gust-
ducin-containing taste cells in circumvallate and foliateT1R receptors are related to taste mGluR4 should not
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Figure 2. Transduction of Umami (A) and Bit-
ter (B) Taste Stimuli
For umami transduction, glutamate binds to
taste mGluR4, activating a G protein a subunit
that stimulates phosphodiesterase (PDE),
causing a reduction in intracellular cAMP. Al-
though the identity of the G protein is not
known, likely candidates include a-gustducin
and a-transducin. The downstream target of
the reduced cAMP has not been identified.
Bitter transduction of denatonium and PROP
involves binding to mT2R8, which activates
the G protein a-gustducin. This stimulates
phosphodiesterase (PDE), causing decreases
in intracellular cAMP, while in parallel b3/g13
stimulates phospholipase C-b2 (PLC-b2), re-
sulting in production of inositol trisphosphate
(IP3) and diacylglycerol (DAG). The IP3 causes
release of Ca21 from intracellular stores, but
the function of decrease in cAMP is not yet
clear.
papillae express T2Rs, which amounts to about 15% of with the promiscuous G protein Ga15, which activates
phospholipase C and causes release of Ca21 from intra-the taste cells in each taste bud. In contrast, only a small
percentage of the gustducin-containing taste cells in cellular stores. Using this assay, T2Rs appear surpris-
ingly narrowly tuned; that is, each receptor tested re-fungiform papillae express T2Rs. This suggests that in
fungiform papillae, bitter sensitivity may be relegated to sponded to 1 or at most 2 of the 55 compounds tested.
mT2R5 responded exclusively to cyclohexamide, whilea small number of taste cells in a small percentage of
taste buds. hT2R4 and mT2R8, orthologs from human and mice,
both responded strongly to denatonium and weakly toIn situ hybridization experiments showed that roughly
the same percentage of taste cells are labeled with a PROP. The cyclohexamide receptor mT2R5 was further
characterized by sequencing the gene from a cyclohexa-probe for a single T2R receptor as are labeled with the
combined probes of five or ten T2R receptors. This lack mide nontaster strain of mice. The mutant receptor var-
ied from the taste form at only five positions. Neverthe-of an additive increase in the number of cells labeled
with an increasing number of T2R probes suggests that less, the mutant receptor shows an 8-fold decrease in
sensitivity to cyclohexamide, providing strong evidenceindividual taste cells express multiple T2Rs, and that
a T2R-expressing taste cell should be competent to that mT2R5 is the cyclohexamide receptor. Importantly,
they have also demonstrated that these receptors,respond to many bitter compounds. One would predict
from this finding that only a small number of nerve fibers which are colocalized with a-gustducin, do indeed acti-
vate this a subunit. It will be important to functionallywould be responsive to the bitter stimuli that activate
gustducin (Ming et al., 1998) and that a single nerve fiber characterize the remaining putative bitter receptors. Al-
though it is likely that all T2Rs will respond to com-would respond to all of those stimuli. This prediction,
however, is not supported strongly by the literature (Dahl pounds humans perceive as bitter, there is structural
similarity between several bitter and sweet-tasting com-et al., 1997). Quinine, for example, stimulates many more
fibers than denatonium, and single nerve fibers that re- pounds, and many synthetic sweeteners have a bitter
aftertaste. Thus, it is possible that some T2Rs couldspond well to one compound do not necessarily respond
to all other compounds that activate gustducin. Thus, respond to stimuli that elicit qualities other than bit-
terness.additional mechanisms for bitter taste must exist. This
is supported by the observation that the gustducin With the cloning of the gustducin-linked bitter recep-
tors and recent studies from other labs, a picture isknockout mice retain some sensitivity to bitter com-
pounds, implying that the additional receptors are not emerging of the steps involved in gustducin-linked bitter
taste transduction (Figure 2). It has been known for sev-likely coupled to gustducin (Wong et al., 1996). In addi-
tion, transduction mechanisms that do not involve eral years that the bitter compound denatonium elicits
decreases in cAMP as well as increases in inositol tris-GPCRs have been described for several bitter stimuli,
including quinine. phosphate (IP3), leading to a release of Ca21 from intra-
cellular stores. Previous studies by the Margolskee labOf course, assigning bitterness sensitivity to T2Rs
requires their functional characterization, either by ge- showed that the decrease in cAMP is produced by the
a-gustducin-mediated activation of phosphodiesterasenetic means or by expression in heterologous cells. In
the Cell paper, Zuker, Ryba, and colleagues (Chandra- (PDE). However, until recently, the source of IP3 re-
mained elusive. The source of IP3 is now known to beshekar et al., 2000) describe the functional characteriza-
tion of three T2Rs: mT2R5, hT2R4, and mT2R8. To phospholipase C-b2 (PLC-b2), since antibodies specific
for this isoform of PLC inhibited the increase in IP3 in-achieve efficient targeting to the membrane in heterolo-
gous cells, they generated chimeric receptors in which duced by denatonium (Rossler et al., 1998). This isoform
of PLC can be activated by G protein bg subunits. Thethe first 39 amino acids of rhodopsin were added to the
N terminus of T2Rs. These rho-T2Rs were coexpressed Margolskee lab now has identified the bg partners of
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gustducin, Gb3 and a unique g subunit, Gg13 (Huang
et al., 1999). These subunits colocalize with a-gustducin
in taste buds and appear to mediate IP3 production in
response to denatonium, since antibodies to g13
blocked the IP3 response.
The one piece of the puzzle that is still missing is the
downstream target of the decreased cAMP. Both cyclic
nucleotide±gated and cyclic nucleotide±suppressed
channels have been identified in taste cells, but their
role in bitter taste transduction is not clear. Interestingly,
PLC-b2 can be inhibited by cAMP-mediated phosphory-
lation in other systems (Liu and Simon, 1996). Thus, a
possible role of a-gustducin may be to regulate the
sensitivity of the IP3 pathway.
With the identification of the G protein±linked recep-
tors for umami and bitter taste, one important group of
taste receptors remains to be discoveredÐthose for
sweet compounds. Since a-gustducin is also implicated
in sweet taste transduction (Wong et al., 1996), it is
tempting to speculate that the gustducin-positive taste
cells that do not express T2Rs might express sweet
receptors. The sac locus in mice (Lush, 1989), where
sensitivity to sweet compounds maps, may be a fruitful
area for the next generation of taste receptors.
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Note Added in Proof
While this minireview was in press, the identification of a large and
diverse family of GPCRs that localize to taste organs in Drosophila
was reported: Clyne, P.J., Warr, C.G., and Carlson, J.R. (2000). Sci-
ence 287, 1830±1834.
